SUMMARY Nucleolar GTP-binding protein 1 (NOG1) is a highly conserved GTPase first reported in Trypanosoma as required for ribosome biogenesis. We characterized NbNOG1, a Nicotiana benthamiana NOG1 ortholog sharing more than 45% amino acid identity with Trypanosoma, yeast, and human NOG1. N. benthamiana plants silenced for NbNOG1 were stunted and produced sterile flowers. NbNOG1 is functionally interchangeable with yeast NOG1 (ScNOG1), rescuing yeast lethality caused by loss of ScNOG1. Finally, NbNOG1 silencing caused over-accumulation of pre-rRNA processing intermediates, and concomitant loss of mature rRNAs. Collectively，these data support a role for NbNOG1 in ribosomal RNA processing.
The ribosome is the most important ribonucleoprotein complex needed for protein translation in all cellular organisms. The mature ribosome comprises two subunits: the 40S subunit, comprised of the 18S ribosomal RNA (rRNA) and more than 30 ribosomal proteins (RPs), and the 60S subunit comprised of the 5.8S, 25S, and 5S rRNA and at least 48 RPs (Woolford and Baserga 2013). The biogenesis of eukaryotic ribosome requires hundreds of additional proteins, known as ribosome assembly factors (RAFs), which contribute to the sequential assembly of a ribosome (Lebreton et al. 2008 ).
An integral part of ribosome assembly is the processing of rRNA from its precursor transcript (pre-rRNA), occurring concurrently with the ordered recruitment of various RPs and RAFs (Woolford and Baserga 2013). The 18S, 5.8S, and 25S rRNAs are transcribed as a single pre-RNA, which is then processed, successively, to remove multiple external and internal transcribed spacers (ETSs and ITSs) (Zakrzewska-Placzek et al. 2010 ). This processing cascade produces several easily identifiable intermediates, including 33S, 27SA, and 27SB pre-rRNA species. Proper pre-rRNA processing requires many RAFs, defects in which cause over-accumulation of some or all processing intermediates (e.g. Hang et al. 2014 ).
The nucleolar GTP-binding protein 1 (NOG1) is one of the most important RAFs. It was first identified in the parasitic organism, Trypanosoma brucei, and later shown to be highly conserved in Saccharomyces cerevisae and humans (Park et al. 2001) . Notably, the yeast ortholog, ScNOG1 is essential for cell viability. Both Trypanosoma and yeast NOG1s are required for ribosome maturation, as their depletion led to a dramatic decrease in 60S ribosomal subunits, and over-accumulation of pre-rRNA processing intermediates ( Jensen et al. 2003; Fuentes et al. 2007; Lebreton et al. 2008) . However, it has yet to be determined whether plant NOG1 orthologs are also required for ribosome biogenesis.
Here, we addressed this question by analyzing NbNOG1, a Nicotiana benthamiana ortholog of NOG1. We identified NbNOG1 by querying the Sol Genomics Network database (http://solgenomics.net/), using the amino acid (aa) sequence of ScNOG1. One full-length cDNA (Niben101Scf02909g02010.1) harbors a 2,040 nucleotide (nt) coding region predicted to encode a protein of 679 aa, sharing 46%, 49%, and 53% sequence identity with ScNOG1, HsNOG1, and Trypanosoma brucei NOG1 (TbNOG1), respectively ( Figure S1 ). The putative NbNOG1 protein also harbors the highly conserved GTPase motifs of the Obg-HflX GTPase superfamily, as well as a C-terminal motif conserved in the NOG1 subfamily ( Figure S1 . Leipe et al. 2002) .
We first evaluated the role of NbNOG1 in plant growth and development. Knock-down of NbNOG1 expression was achieved by using virus-induced gene silencing (VIGS), which entailed infection of N. benthamiana plants with a modified Tobacco rattle virus (TRV) carrying a 629-nt NbNOG1 fragment (nt 874-1502 of NbNOG1 coding region) (Table S1 ).
NbNOG1 VIGS caused a substantial reduction in the level of NbNOG1 mRNA ( Figure 1A , Table S1 ), which was correlated with severe stunting in these silenced plants, which bore only a few deformed and sterile flowers ( Figure 1B , C). Leaves of these plants also senesced prematurely ( Figure 1D ). These finding support the hypothesis that NbNOG1 plays a crucial role in plant growth, development, reproduction and leaf senescence.
To directly assess the role of NbNOG1 in ribosome biogenesis, we first determined whether the NbNOG1 protein localized to the site of ribosome assembly. As shown in Figure   2A , GFP tagged NbNOG1 (GFP-NbNOG1) specifically localized to cell nucleoli, where it completely overlapped with the nucleolar marker, AtFib-RFP. We then tested if NbNOG1 could substitute for ScNOG1 in yeast cells. To this end, we acquired the yeast strain, SCU783, in which a lethal loss-of-function mutation in ScNOG1(Δnog1, Figure 2B , Table S1 ) was compensated by the ScNOG1-expressing plasmid pHAC33-NOG1 (Honma et al. 2006 ). We next assessed how silencing of NbNOG1 affected ribosome assembly and transport using NbRLP23aA, a RP of the 60S ribosomal subunit, as a marker (Degenhardt and Bonham-Smith 2008) . In control plants, the YFP-NbRLP23aA fusion protein was evenly distributed in the entire nucleus, but was also easily detected in the cytoplasm ( Figure 2C , top row); however, in cells of NbNOG1-silenced plants, it was restricted exclusively to the nucleoli (bottom row), suggesting disruption of active ribosome biogenesis and export.
We then examined whether NbNOG1 VIGS jeopardized pre-rRNA processing with Northern blotting, using specific probes designed to detect various rRNA processing intermediates (ITS1-2, ITS2-1, and ITS2-2; denoted by red, blue, and green arrowheads in Figure 2D ) (Table S1 ). This schematic is based on the Arabidopsis rRNA processing pathway, as the analogous N. benthamiana pathway has yet to be mapped. A reduction in mature 18S and 25S rRNA levels was apparent in ethidium bromide (EB)-stained agarose gels ( Figure 2E , bottom panel, right three lanes), suggesting a substantial perturbation in rRNA maturation. By contrast, the levels of 35S pre-rRNA, as well as the 33S, 27SA, 27SB processing intermediates, were all dramatically increased ( Figure 2E , top and middle panels, right three lanes), indicating that most of the pre-rRNA processing steps were compromised in NbNOG1-silenced plants. Taken together, these findings demonstrated that normal NbNOG1 expression is essential for proper processing of pre-rRNA, at multiple steps, thus supporting the notion that NbNOG1 is essential for ribosome biogenesis in a plant species.
Remarkably, a recent study also implicated NOG1 in plant anti-microbial defense (Lee et al. 2017) . It would be interesting to determine whether this defense role of plant NOG1 is related to ribosome biogenesis. Given that defense responses involve synthesis of new proteins, ribosomal malfunction could compromise the defense process. However, the prospect of the same NOG1 participating in multiple cellular activities is likewise plausible.
Mutations that could decouple these two cellular processes would provide a straightforward test for NOG1 participation in both ribosome biogenesis and plant defense. TbNOG1, HsNOG1, AtNOG1, and SlNOG1, are 46%, 53%, 49%, 78%, and 94%, respectively.
The highly conserved G-loop boxes, G1, G2, G3, G4 and G5, are highlighted with blue boxes (Leipe et al. 2002) . NOG and NOGCT (NOG C-terminus), two extended sequence motifs shared by nucleolar GTP-binding proteins are denoted with red and cyan boxes, respectively.
Conserved domains were identified using the Conserved Domain Search tool available at NCBI website, using ScNOG1 sequence as the root (https://www. ncbi.nlm.nih.
gov/Structure/cdd/wrpsb.cgi? SEQUENCE= 13160988&FULL).
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